Low-energy-electron-diffraction (LEED) intensities from the W(001) surface have been measured for incident energies from 0 to 35 eV, azimuthal angle /=0', and incident angles between 45 and 70', with particular reference to the fine structure at very low energies, The results have been compared with calculations using a model of the surface barrier described earlier. The experimental curves can be reproduced satisfactorily, provided that (1) the inner potential is allowed to vary with incident energy, {2) the surface damping is strong and energy dependent, and (3) there is a weak dependence of the surface barrier on incident angle.
I. INTRODUCTION
The nature of the interaction between a charged particle and a surface is an important aspect of several spectroscopies. Information about the interaction in the immediate neighborhood of a surface, often referred to as the surface barrier, is of particular interest and can be studied in most detail using high-resolution low-energy electron diffraction (LEED). The origin of the fine structure, which was first observed by Adnot and Carette' for the W(001) surface, lies in the backscattering of the nonspecular.
beams by the surface barrier and their recombination with the beam specularly reflected from the surface.
There have been numerous models of the surface barrier and it has a smooth transition to the bulk inner potential Uo. The value of the potential at the image plane, V(zo), is equal to -A, /2. In the transition region between bulk and vacuum, the potential with the form (1) and the parameters zo --2.9 a.u. and X=1.1 a.u. ' provides a satisfactory description of the parallel average of the potential of the film calculations.
The potential resulting from the density-functional calculations is appropriate for occupied states below the Fermi energy. The optimum values of the potential parameters will differ for incident electrons with energies above the vacuum level, and these parameters can be found by careful comparison of calculated and measured LEED fine structure. In the case of the W(001) surface and an incident angle 0 of 48', it was found that all features of the measured fine structure' could be reproduced accurately. using a barrier of the form (1) with barrier parameters Uo --1.0 Ry and (zo, A, ) in a narrow range between ( -2.6 a.u. , 1.1 a.u. ') and ( -3.3, 0.7) . The broad peak with maximum near 3.5 eV is reproduced best by a barrier near the edge of this range ( -3.2, 0.8 I Vcurves were recorded -in the (2 -6)-and (0 -35)-eV energy ranges. When studying refleciivity fine structures in the lower-energy range, the best fringe contrast was obtained using an electron beam with a large angular width (5'). However, this was found to reduce greatly the electron transmission at high energy and best results were obtained in the extended energy range with a better focused beam. Although the general line shape of the (0 -35)-eV spectra was recovered from one experimental run to the other, the relative peak heights of several spectral features located below and above 5 eV were found to be sensitive to the spectrometer settings. For energies below 3 eV, the electron beams are very sensitive to stray electromagnetic fields and other inhomogeneities, resulting in an angular spreading of the beam. Results presented here were obtained with settings for which published experimental results' ' were best reproduced.
All measurements were performed in ultrahigh vacuum (UHV) at a base pressure of better than 5&&10 " Torr.
The W(001) crystal was aligned along the azimuth /=0'+0. 5', and details of crystal preparation can be found elsewhere. ' lt should be noted that the crystal was cut at a slight angle to the (001) plane, and probably consists of a series of (001) terraces. The azimuth was chosen so that these terraces were aligned parallel to the plane of incidence. As we discuss below (Sec. IV), the overall resolution of the apparatus is a maximum for fine structure corresponding to emergent beams in this plane. During the experiments the sample was cleaned by flashing above 2400 K. Frequent oxygen annealings (a few minutes at 1500 K in 5&&10 Torr Oz) were also performed for cleaning purposes. The same experimental method was used by Baribeau et al. ' to measure the diffracted intensities from W(110) between 0 and 30 eV for 8=30', 45', and 75', and for W(001) at low energies. These measurements were analyzed using a model barrier similar to (1), but with a layer-dependent inner potential.
III. METHOD OF CALCULATION AND COMPARISON WITH EXPERIMENT
The substrate-reflection matrix R is determined as described in Ref. 17 , r and t are reflection and transmission matrices for the surface barrier, and r +, for example, denotes the scattering of an electron moving in the direction z &0 into the z &0 direction. The matrices r and t are found by integrating into the bulk, but the phases depend on the position of the barrier zo. The presence of inelastic-scattering effects allows us to expand the matrix inverse in Eq. (2) as a series and to truncate it to include only "double-diffraction" terms. ' There may be energy ranges for which this approximation is less accurate. The scattering process is depicted in Fig. 1 The energy interval in the calculations is 0.25 eV.
with a fixed bulk damping, the reflectivity is remarkably sensitive to the details of the surface inelastic processes.
(ii) Consistent with the interference origin of the threshold effects, there is a pronounced reduction in the fine structure as a increases. This correlation of fine structure with the strength of the barrier damping is of particular interest, since the experimental curve in Fig. 3 shows no measurable threshold effects for energies above about 20
eV. For the remainder of the calculations presented here,
we use the values a = 1.0, P=0.2.
In Fig. 4(a) we show the measured spectra for incident The analy'sis of LEED intensity measurements is coinplicated by the number of physical processes which can affect them. The scattering potential of the bulk, the details of the barrier potential, and bulk-and surfacedamping processes all enter in important ways. In view of the number of parameters which may be used, it is important to focus on those experimental features which are as sensitive to as few as possible. In this paper, we study two in particular: (1) the fine structure at low energies and its disappearance at energies above 20 eV, and (2) (ii) The measured intensities for incident energies out to 35 eV are reproduced satisfactorily, provided that the inner potential is energy dependent. Although experimental uncertainties in the azimuthal angle will also contribute, the damping of the threshold features for energies above 20 eV is consistent with a strong and energydependent surface damping.
(iii) Spin-polarization effects are important, particularly for incident energies above the first threshold.
It is important to note that a complete optimization of the parameters describing the surface structure and the surface potential is impracticable, so that the optimum form of the surface barrier will depend to some extent on other input parameters which are not optimized. This may account for the different barriers found here and in
